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One-Sentence Summary: Pronouns activate neurons in the human hippocampus if they refer

to the concepts to which the cells are tuned.
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ABSTRACT

During discourse comprehension, every new word adds to an evolving representation of
meaning that accumulates over consecutive sentences and constrains the next words. To
minimize repetition and utterance length, languages use pronouns, like the word ‘she’, to
refer to nouns and phrases that were previously introduced. It has been suggested that
language comprehension requires that pronouns activate the same neuronal represen-
tations as the nouns themselves. Here, we test this hypothesis by recording from
individual neurons in the human hippocampus during a reading task. We found that cells
that are selective to a particular noun are later reactivated by pronouns that refer to the
cells’ preferred noun. These results imply that concept cells contribute to a rapid and
dynamic semantic memory network which is recruited during language comprehension.
This study uniquely demonstrates, at the single-cell level, how memory and language are

linked.

Consider these two sentences: “John and Mary walked into a bar. He sat down at a table.”.
When we read the pronoun ‘he’, we realize that John, the only male character in the story, must
be the person who sat down at a table. In linguistic terms, John is the ‘antecedent’ of the
pronoun. This example illustrates how a narrative activates successive concepts in our brain,
including their interrelations, allowing us to incrementally build up a conceptual representation
of the discourse!=. Previous brain-imaging studies have gained insight into the brain regions
that activate during sentence and discourse comprehension**!, However, the resolution of
these non-invasive imaging methods does not suffice to track the neuronal assemblies that
encode individual concepts in the human brain during reading.

In recent years, it has become possible to directly record the activity of single neurons in
patients who are implanted with electrodes to locate the source of their epilepsy*?*3. These

studies demonstrated the existence of ‘concept cells’ in the medial temporal lobe*8, Concept
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cells have an invariant and multimodal selective response to a concept. They contribute to the
representation of meaning because they not only activate when the participant sees a picture of
a specific individual for example, but also when the participant hears or reads the name of this
person, or recalls this individual from memory**1~1°, We hypothesized that monitoring the
activity of concept cells during reading could provide insight into the dynamics of semantic
representations during language comprehension. In the present study, we illustrate the
possibilities of this approach by examining how pronouns that are encountered during reading
influence the neuronal representation of concepts that were introduced in an earlier sentence.
Specifically, we asked if pronouns influence the activity of hippocampal neurons. Our results
reveal that hippocampal cells respond robustly to preferred nouns and that they are specifically
reactivated by a pronoun that refers to them as antecedent. The results represent the first
measurements of the magnitude, latency and duration of hippocampal single cell responses to
nouns and pronouns during reading, while participants incrementally build up a semantic
representation of a narrative.

We recorded from patients with pharmacologically intractable epilepsy who were
implanted with depth electrodes in the hippocampus, to localize seizure foci for clinical
purposes. During an initial screening session, the patients viewed many pictures of celebrities
and family members, and we identified pictures that, for a given neuron, elicited a significantly
higher response than other pictures (Methods). We used the results of the screening session,
aiming to select three nouns for the main reading task: one was the preferred person for a cell
(the preferred noun) and two nouns referred to a male and a female that did not activate that
cell (although the non-preferred nouns sometimes activated other, simultaneously recorded
cells).

In the main task, on every trial, patients read two sentences which were presented as a

stream of words on a computer screen (Fig. 1A and Table 1). The subjects of the first sentence
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were always two of the three selected nouns (e.g. Courtney Love and Barack Obama), and the
second sentence started with a pronoun (either she or he). We then asked a question to verify
that the patients understood the meaning of the sentences and maintained focus throughout the
experiment. The mean accuracy was 89 + 2% (s.e.m), significantly higher that the chance level
of 33% (Wilcoxon signed rank test, p = 1.2-10"*; Methods and Fig. 1B).

We identified a total of 529 single and multi-units in the hippocampus of 22 participants
(see Table S3 and Methods). We selected cells for further analyses based on their response
during the reading task, in which 307 cells responded to the nouns. We focused our analysis
on 53 noun-selective cells (recorded in 14 of the participants), which responded significantly
stronger to a preferred noun than to the other two nouns (p < 0.05, permutation-based Poisson
ANOVA and post-hoc Poisson t-test, see Methods) (Fig. 1C). Of the noun-selective cells, we
defined 19 to be concept cells, because they preferred the same concept as a picture in the
screening task and as a word during the reading task (Methods, Fig. S1 and Table S2; we note
that a previous study included more extensive tests of multimodality®®). The remaining 34 cells
were noun-selective, but either did not respond to pictures or preferred a different concept
during the screening task, and we will refer to them as noun-selective, non-concept cells
(NSNCs). Figure 1D illustrates the activity of an example concept cell that responded
selectively to a picture of the animated male movie character Shrek during the screening task.
The cell also preferred the written noun ‘Shrek’ (Nouneres) (Figure 1E), but it did not respond
to Courtney Love and a male family member of the participant (Nounsnonpref). The pronoun ‘he’
in the second sentence activated the cell if it referred to Shrek in the first sentence (Pronounges).
The pronoun ‘she’ referred to the other noun (Pronounpresnotrer; Table 2 specifies the naming
conventions) and did not activate the cell. Furthermore, ‘he’ also did not activate the cell if
Shrek was absent from the first sentence (Pronounabsentsame). Hence, only pronouns referring to

Shrek activated the neuron.
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To examine the generality of this effect, we carried out an analysis across the population
of 53 noun-selective cells. We first examined the activity elicited by the nouns with a cross-
validation approach. We used half of the trials to determine the preferred noun and the other
half for the statistics. Across the population, the activity elicited by Nounpres was 5.4 £ 0.5 Hz
(mean % s.e.m.), which was significantly higher than the activity of 2.9 £ 0.5 Hz elicited by the
other, non-preferred nouns (t-test, t = 3.9, p = 3.0-10%). We determined the neurons’ response
latencies as the first of 10 subsequent time-bins where the response to Nounpres Was higher than
the response to the other nouns (P < 0.05; see Methods and Fig. 2D-F). Regardless of whether
Nounprer Was presented at the first or second position in the first sentence, the cells activated
on average 210ms £ 38ms (s.e.m.) after the presentation of the preferred noun.

We next examined the responses elicited by the pronouns. On average, pronouns referring
to Nounerer (Pronounger) activated the hippocampal neurons more strongly than pronouns that
did not (paired t-test, ts, = 6.8, p = 3.3-107) (Fig. 2A). This effect was significant for 25% of
the noun-selective cells and for 42% of the concept cells (permutation-based Poisson ANOVA;
P < 0.05). Interestingly, the responses of concept cells to Pronounger (5.0 + 0.9 Hz, N = 19)
were stronger than those of the NSNC cells (2.3 + 0.5 Hz, N = 34; t-test corrected for unequal
variance, t = 2.6, p = 0.016; Fig. 2A). The extra activity elicited by Pronoungres emerged
gradually (Fig. 2G) with a latency of 600ms + 110ms, which is longer than the latency of the
response to Nounpres (p = 0.010, bootstrapping test), although activity built up gradually so that
the inclusion of more cells might have shortened the latency estimate. There were no significant
differences in response magnitude (independent samples t-test, ts1 = 0.19, p = 0.85) or latency
(p = 0.54; bootstrap test, see Methods) between the left and right hemispheres.

Is the response to Pronoungres caused by a prolonged activation by the preferred noun,
extending into the second sentence? To examine this question, we selected the first sentences

with Nounprer and compared the activity elicited by pronouns that referred to Nounpres
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100  (Pronounref) and to the other noun (Pronounpresnotref); for example ‘Shrek and Courtney Love’
101 followed by ‘He’ or ‘She’. The response elicited by Pronounger was higher than that evoked by
102 Pronouneresnotrer (Paired t-test, p = 1.4-10) (Fig. 2B), indicating that it reflects the antecedent
103 of the pronoun and is not a lingering memory trace of Nounprer.

104 We next investigated whether the pronoun activation reflected tuning to gender rather than
105  to the identity of the antecedent. We compared trials in which the pronoun referred to Nounpres
106  (e.g. ‘Shrek and Courtney Love’ followed by ‘He”) to trials in which the same pronoun referred
107  to a different noun of the same gender (Pronounapsentsame, €.g. ‘Barack Obama and Courtney
108  Love’ followed by ‘He’). Pronounges elicited a higher response than Pronounabsentsame (N = 45,
109  paired t-test, p = 1.5-10°3; Fig. 2C), implying that the pronoun responses reflected the identity
110  of the antecedent and not the gender.

111 We examined whether population responses evoked by pronouns resembled those evoked
112 by the nouns and how different cell groups contributed to the population response. To this end,
113 we trained a linear support-vector machine (SVM) to discriminate between responses elicited
114 by Nounpret and Nounnoneret. We constructed 1,000 surrogate-populations by randomly
115  choosing units from the noun-selective cells with replacement (N = 50 cells; we excluded three
116  cells from this analysis, Table S3). We trained the classifier on activity in the noun time-
117  window and tested the classifiers on held-back trials in a series of sliding windows covering
118  the two sentences. We split trials based on first sentences in which Nounprer 1) appeared at the
119  first position, 2) appeared at the second position and 3) was absent. The classifier output
120  represents the fraction of trials in a particular time-window in which the neuronal responses
121 are labelled as elicited by Nounprer (y-axis in Fig. 3A). As expected, the classifier output
122 increased shortly after the presentation of Nounprs at both the first and second position,
123 labelling the activity as evoked by Nounpres in ~90% of trials (Fig. 3A). Interestingly, when

124 Nounprer Was at the first position, the classifier output increased slightly after the presentation
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125  of the second, non-preferred noun (black arrow in Fig. 3A), which may reflect a mental process
126  that relates the two nouns.

127 We next tested the classifier on the second sentence, on which it had not been trained. We
128  compared the classifier output between trials in which the pronoun referred to the preferred
129  noun (Pronounkger), trials on which it referred to the other noun (Pronounpresnotrer) and trials on
130  which Nounpres Was absent from the first sentence. The activity pattern elicited by Pronoungret
131 was like that elicited by Nounert, causing a higher decoder output than on trials in which the
132 pronoun referred to the other, non-preferred noun and on trials without Nounerer in the first
133 sentence (Fig. 3A). The decoder output was also higher than on trials in which the antecedent
134  was the non-preferred noun with the same gender (Pronounapsentsame; Fig. S2A). We replicated
135  the results with a cross-decoding analysis, training and testing on all combinations of time-bins
136  in the two sentences. Cross-decoding worked in both directions, from noun to pronoun and
137  from pronoun to noun (Fig. S2B).

138 To investigate which cells contributed most to the selectivity of the pronoun response, we
139  built decoders by successively adding concept cells (N = 19), NSNC cells (N = 19 selected of
140  atotal of 31 units) and neurons that responded to nouns without significant tuning in different
141 orders (‘untuned’, N = 215, noun response > 0.5 Hz above baseline; see Table S3 for inclusion
142  of cells) (Fig. 3B). Decoders built from noun-selective cells (concept and NSNC) to decode
143 nouns also reliably decoded the pronoun of the second sentence, whereas adding untuned cells
144  did not improve this form of generalization (Fig. 3C). Interestingly, adding NSNC cells to
145  decoders that already included all concept-cells did not improve decoding, whereas adding
146  concept-cells to decoders with only NSNC cells improved decoding accuracy (p = 0.015, z-
147  test) (Fig. 3B,C). These results indicate that decoding of the pronoun’s antecedent relied mostly
148  on the concept cells, with a smaller contribution from NSNC cells and little contribution from

149  the untuned cells.
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150 Two additional observations demonstrated that the neural responses were linked to the
151  subjects’ interpretation of the pronoun on individual trials. First, we compared the response to
152 pronouns that referred to the preferred noun (Pronounrer) between correct trials and error trials,
153  on which the participants reported the incorrect noun in response to the question at the end of
154  the trial. The hippocampal response was higher on correct trials than on error trials (t-test, two-
155  tailed, t = -2.31, p = 0.008, N = 35; Fig S3A), indicating that it predicted the participant’s
156 interpretation of the second sentence.

157 Second, we analysed ambiguous trials with two nouns of the same gender in the first
158  sentence, so that they competed for a status as antecedent of the pronoun (‘Shrek and Barack
159  Obama went into a bar. He sat the table’, followed by the question “Who sat at the table?’) (Fig.
160  3D; Table 2). We predicted that the strength of the response to Nounpres in the first sentence
161  might relate to the probability that the participant chooses it as antecedent and reports it in
162  response to the question. In accordance with this prediction, the decoder output for the
163  preferred noun of the first sentence was stronger if the participant chose it in response to the
164  question (Fig. 3D) (p = 0.045, z-test). Furthermore, decoder output also ramped up at the end
165  of the second sentence if the participants chose the preferred noun (Fig. 3D). Hence, the activity
166  of hippocampal neurons during reading is related to the strength of the conceptual
167  representations and predicts the resolution of pronoun ambiguity.

168 The results, taken together, demonstrate a link between the activity of neurons in the human
169  hippocampus and the incremental representation of concepts and their interrelations during
170  sentence reading. Previous studies indicated how language understanding relies on the
171  integration of semantic knowledge, to which the hippocampus contributes®*2¢, with linguistic
172 representations?’ L. We here provided the first measurements of single unit activity in the
173 hippocampus during a task in which participants build up a semantic representation of a

174  narrative®?, in which a pronoun brings one of the characters into the foreground of thought.
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175 Interestingly, most of the information about the antecedent of the pronoun was carried by
176 concept cells, which responded to a concept irrespective of whether it was presented as picture
177  or noun, indicating that their activity disambiguates otherwise identical pronouns.

178 Hippocampal neurons responded to both their preferred noun and to pronouns referring to
179  that noun. The hippocampal pronoun response could thereby link new information of the
180  narrative to the appropriate concept. For example, when we read about Shrek that ‘he” put on
181  sunglasses, we can update Shrek’s representation and predict his future appearance*3-%, In
182  accordance with this view, damage to the hippocampus can lead to impairments in pronoun
183  production and comprehension and patients with hippocampal lesions often fail to retrieve a
184  pronoun’s antecedent®®*’. Our results support a role for the hippocampus in pronoun resolution,
185  because the pronoun response was weaker on error trials and hippocampal activity predicted
186  the perceived antecedent of the pronoun on ambiguous trials.

187 The latency of the pronoun response was 600ms, which was longer than the latency of
188  210ms of the noun response, and most likely reflects processes that link the representation of
189  the pronoun in language areas to the appropriate concept in the hippocampus. The long latency
190 is remarkable because pronouns are thought to increase discourse efficiency, allowing shorter
191  utterances to activate the same concepts as longer noun phrases™®. The present results indicate
192  that this pronoun advantage may only occur for noun phrases that take several hundreds of
193  milliseconds. We note, however, that the latency of the pronoun response in the hippocampus
194  might be shorter if there is only a single possible antecedent.

195 Language theories propose that pronouns have additional advantages, such as signalling
196  that the subject of the narrative remains the same across sentences®. Our results inform these
197  theories®®, including ‘prominence’ theories that propose that pronouns usually refer to the
198  most prominent nouns of a discourse®. According to those theories, nouns that fulfil a similar

199  role in previous sentences compete for selection based on their prominence, which reflects on


https://doi.org/10.1101/2024.06.23.600044
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.23.600044; this version posted June 25, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Dijksterhuis et al.

200 how important they are in the narrative®®. So far, these theories could only be tested
201 indirectly***2, short of a method to measure prominence in the brain. Our results on trials with
202  two nouns of the same gender, which caused the pronoun to be ambiguous, provided insight
203 into the neuronal underpinnings of prominence. On these ambiguous trials, the participant
204  could report either noun as antecedent of the pronoun. When the participants reported that the
205  pronoun referred to the preferred noun, the response to that noun was stronger during the first
206  sentence, and hippocampal activity ramped up once more at the end of the second sentence.
207 These results suggest that prominence is related to the strength of the conceptual
208  representations, which depend, in part, on the activity of hippocampal neurons.

209 Theories about the evolving mental representation of the narrative during reading suggest
210 that previously read words are stored in working memory so that they can be combined with
211 new information?®30-324344 Interestingly, the hippocampal activity elicited by nouns lasted
212 only 300-400ms and was curtailed by later words, which has implications for the internal
213 structure of these representations®®. Theories of working memory propose that memorized
214  items are not equivalent, because only one or a few of them can be in the focus of attention®.
215  Studies in the frontal cortex of monkeys revealed that attended and non-attended items in
216 working memory are represented as sustained activity patterns*®4’, whereas the present results
217  suggest that the hippocampus selectively represents the attended noun. The activity of the
218  neurons largely vanished during the reading of subsequent words, but the cells became active
219  again in response to a pronoun referring to the cell’s preferred concept. Hypothetically, the
220  representation could have moved into a different neuronal subspace, as observed during
221 sequence working memory in monkey prefrontal cortex*, but this is unlikely given that there
222 were epochs in which we could no longer decode it from the population of neurons. The activity
223 profile rather suggests that hippocampal neurons predominantly represent concepts which

224  come in the focus of attention as a central topic of the narrative. These attended concepts could

10
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then be used for the retrieval of additional associations, a process to which the hippocampus

contributes®,

In our experiment, pronoun disambiguation was based on gender alone, but in other

sentence constructions, syntax plays an essential role. For instance, in the sentence “The fact

that he is so rich pleases John”, the pronoun “he” can refer to John, but in “He is so rich that

John is pleased”, it cannot. How brain networks implement such syntactic computations is a

topic for future research, which can now be investigated. The present results show how single

unit recordings in the medial temporal lobe contribute to the flexible linkage of words and

concepts during language comprehension.
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Fig. 1. Reading task. (A) Two sentences were presented word by word. The first sentence
contained two nouns representing individuals (Table 1 and Table S1). The second sentence
started with a pronoun. The trial ended with a question (see Methods). (B) Accuracy in
answering the question across all patients. Red lines, accuracy + s.e.m. (chance level was 33%,
N = 14). (C) Locations of the electrodes in the hippocampus. (D) The average response of an

example neuron to different pictures during the screening session, and its waveshape. (E) The
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average response of the ‘Shrek’ cell during the reading task. Sentences in which Shrek appeared
as the second noun were followed by a second sentence with the pronoun ‘he’ (magenta) or
‘she’ (green). Activity on trials in which Shrek did not appear in the first sentence is shown in
black. Black line at time zero, start of first sentence. Dashed grey lines, onset of successive
words. Black dashed lines, presentation of snrek (Or the family member) and the pronoun. The
activity elicited by the pronoun was significantly stronger if it referred to Shrek than if it did

not (permutation-based Poisson ANOVA, P < 0.001).
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405  Fig. 2. Hippocampal responses elicited by nouns and pronouns. (A) Comparison of activity
406 elicited by pronouns referring to the preferred noun (Pronounger, y-axis) and all pronouns
407  referring to another noun (Pronounnonref, X-axis) for concept cells (red dots) and NSNC cells
408  (blue dots). The inset shows the response difference. Red arrow, median. P-value refers to a
409  two-tailed paired t-test (N =53, t =5.85, p=3.3-107). (B) Response to Pronounger (y-axis) and
410  pronouns referring to the other, non-preferred noun on trials in which Nounprer Was present in
411 the first sentence (Pronounpresnotrer, t = 6.09, p =1.4-107) (C) Response to Pronounger and the

412  same pronoun on trials in which the preferred noun was absent from the first sentence
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(Pronounassentsame, t = 3.39, p = 1.5-107%). (D) Average activity on trials in which Nounprer was
the first noun of the first sentence (Nounl, magenta and green traces) or was absent (black
trace), followed by Pronounger (magenta) or Pronounpresnotrer (green). Shading denotes s.e.m.
The vertical dashed lines indicate Nounl and pronoun onset. (E) Average activity on trials in
which Nounpref Was the second noun in the first sentence. (F) Average activity elicited by
Nounpres and Nounnonpref. The red arrows indicate the latency of the response and the red bars
the 95%-confidence interval (determined with bootstrapping). (G) Average responses elicited

by Pronounger and Pronounnotret.
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Fig. 3. Decoders for the preferred noun. (A) SVM classifiers trained to distinguish between
the responses to preferred and non-preferred nouns. The output (y-axis) represents the fraction
of trials in which the pattern of activity in a time-window is classified as evoked by Nounpres.

The classifiers were trained on the activity of 50 cells in the noun time-window and then tested
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426  on the two sentences in a series of sliding windows of 0.5s duration. The words are marked at
427  the centre of the sliding window, the red dot indicates the end of the second sentence. The
428  shading around the traces indicates the standard deviation across surrogate populations (N =
429  1,000). Filled bars indicate significant time windows (z-test, P < 0.05, FDR corrected; see
430 Methods). (B) Decoder output for different cell populations (0.5-1.5 seconds after pronoun
431  onset) for Pronounrer (Magenta) and Pronouneresnotref (green). Error bars, standard deviation
432  across surrogate populations. P-values, z-test on the difference between conditions. (C)
433  Classifier output as function of the number of included units. Left, We first added concept cells
434  (CC: N =19), then NSNC cells (N = 19 cells selected from a total of 31 cells) and then untuned
435 units (N = 215). Decoder output is shown for Pronounrer (magenta) and Pronounpresnotret
436  (green). Middle, We first added 19 NSNC cells, then 19 CC cells and then the untuned units.
437  Right, We added units in a random order. We compared the decoder output between decoders
438  with only CCs, only NSNCs (N = 19, length of blue vertical lines) to that when cells of the
439  other category were added (N = 38, length of black lines) with a z-test to determine significance
440  (P-values in the panels). (D) Decoder output on ambiguous trials. The decoders, which had
441  been trained on non-ambiguous trials to discriminate between preferred and non-preferred
442  nouns, were tested on ambiguous trials with two nouns of the same gender. The left panel
443  shows the decoder output to the preferred noun in the first sentence (aligned on Nounprer onset).
444  The right panel shows the decoder output during the second sentence, in sliding windows with
445  aduration of 0.5s. We sorted the trials based on whether the participant selected the preferred
446  noun (Choseprer, 0range) or the non-preferred noun of the same gender (Chosenoteret, purple) in
447  response to the question. Q1, onset of the question.

448

449
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Contexts | First sentences: Second sentences:
English | Noun: and noun; walked into the bar Pronoun sat at the table
Nouny and noun sat in the park Pronoun put some sunglasses on
Nounz and noun, were watching the TV | Pronoun suddenly changed the
channel
Noun: and noun, were having dinner Pronoun poured out some wine

450  Table 1. Four different contexts in which the noun and pronouns were used for English
451  patients.

452
Condition description Nouns in the first | Pronoun in the | Number of
sentence second sentence repeats”
The first sentence contains the | Nounpres + Nounnonpref | Pronounges 16

preferred noun and a noun of
the opposite gender. The
pronoun refers to the preferred
noun.

The first sentence contains the | Nounpret + NOUNNonpref | Pronounpresnotref 16
preferred noun and a noun of
the opposite gender. The
pronoun refers to the noun
with the opposite gender.

The preferred noun is not | NOUNNonpref1 + | Pronounabsent 32
present in the first sentence. A | Nounnonpref2
noun of the opposite and of the
same gender as the preferred
noun are present.

- The pronoun refers to Pronounabsentsame 16
the Noun with the
same gender

- The pronoun refers to Pronounabsentoppo 16
the noun with the
opposite gender

All trials where the pronoun | Nounpref/NOUNNonpref Pronounnotref 48
does not refer to Nounpret.
Nounprest can be absent or

present.

The first sentence contains the | Nounprer + | Choseprer or |16
preferred noun and a noun of | NOUNNonPrefsameGender Chosenotpref

the same gender. The pronoun

is ambiguous.

453  Table 2. Noun and pronoun conditions. The trials with Pronounapsent include all trials with
454  Pronounabsentsame aNd Pronounansentoppo. Similarly, the trials with Pronounnotrer include all trials
455  with Pronounapsent and Pronounpresnotret. - IN two sessions of one of the patients (a total of three
456  hippocampal neurons) we recorded only half of the number of trials.
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